Although sleep is of paramount importance for preterm neonates, care of the latter in a neonatal intensive care unit does not favour sleep. Given that several studies in adults have described a 'vegetative preparedness to sleep' (in which distal skin vasodilation before lights-out promotes rapid sleep onset), we looked at whether or not this process operates in preterm neonates. Sleep propensity was assessed in terms of the duration of a spontaneous episode of wakefulness (W). Skin temperatures at six body sites (the abdomen, pectoral region, eye, hand, thigh and foot) were measured (using infrared thermography) during nocturnal polysomnography in 29 9-day-old preterm neonates (postmenstrual age: 209 AE 9 days). We then determined whether the duration of the W episode depended upon the local skin temperatures measured at the start, during and end of the episode. The W episode was shorter when distal skin temperatures (thigh, hand and foot) and the pectoral temperature were higher at the end of the episode (i.e. at sleep onset). The relationship with the duration of the W episode was not significant for temperatures measured at the start of the W episode. We observed gradual distal vasodilation at the pectoral region, the thigh, hand and foot (i.e. affecting most of the body's skin surface) during W episodes. Our results constitute initial evidence to show that distal vasodilation may have a key role in facilitating sleep onset in very preterm neonates.
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IN TROD UCTI ON
As sleep quality and quantity are of paramount importance for neurodevelopment, good health and recovery from illness in preterm neonates (Kudchadkar et al., 2014) , promoting optimal sleep, should be a priority in the neonatal intensive care unit (NICUs) . Despite efforts to improve practice, sleep is disrupted markedly by nursing, interventions and environmental factors in the NICU. A better understanding of how to promote sleep quantity and quality in preterm neonates and how to limit the amount of wakefulness is thus required.
The results of several studies of adults have found that sleep onset (SO) latency (i.e. the time between lights out and the initiation of sleep Stage 2) and sleep maintenance depend upon both circadian processes and sleep pressure (i.e. a homeostatic component that increases as wakefulness goes on and dissipates during sleep) (Borbely, 1982) . However, this model cannot be extrapolated to preterm neonates in whom sleep processes develop progressively (Jenni and Lebourgeois, 2006) in the absence of well-established circadian biological rhythms (Lodemore et al., 1991; Thomas and Burr, 2002) and with polyphasic 3-to 4-h sleep-wake cycles spread across the 24-h period. It is usually assumed that (i) sleep homeostasis emerges only in the second month of life (Jenni and Lebourgeois, 2006) and (ii) neonates have a shorter time-scale for homeostatic sleep pressure than older infants with longer periods of daytime wakefulness (Jenni et al., 2004) . As a result, sleep pressure and sleep onset latency cannot be defined as simply as they can be in adults. However, we hypothesized that the duration of spontaneous episodes of wakefulness serves as an indirect marker of sleep propensity (i.e. the speed of falling asleep).
In adults, sleep propensity is related to body temperature (T) rhythms: sleep onset occurs when the core body temperature (CBT) is falling. The 'vegetative preparedness to sleep' described by Magnussen in 1938 (cited in Van Den Heuvel et al., 1998 features an increase in skin Ts due to peripheral vasodilation, which begins 90 min before sleep onset (for a review see Bach et al., 2011) . As a result, the peripheral heat losses increase and the CBT declines, facilitating sleep initiation (Van Den Heuvel et al., 1998) . More recently, Kr€ auchi et al. (1999 Kr€ auchi et al. ( , 2000 reported that warming the feet and hands before lights-out promotes rapid SO. These researchers also stated that the best predictor of rapid SO was the increase of the distal-to-proximal skin Ts gradient (abdominal minus foot T), a marker for distal vasodilation (Kr€ auchi and Wirz-Justice, 2001 ). Consistently, it has been demonstrated that processes that increase peripheral skin vasodilation (e.g. lying down, the reducing light intensity, relaxation, carbohydrate-rich meals, etc.) favour sleepiness or SO (for a review see Kr€ auchi et al., 2004) .
Extrapolating the abovementioned results to neonates is an attractive idea, as it is usually assumed that the relative importance of skin Ts (versus the CBT) in thermoregulation is greater in neonates than it is in adults; this is due probably to a higher density of skin thermoreceptors per surface unit in neonates than in adults. However, this extrapolation is complicated by several differences between neonates and adults in terms of sleep organization and circadian rhythms. In contrast to adults in everyday life, preterm neonates in a NICU experience an almost constant environment (thermal conditions, posture and meals), so that environmental and behavioural effects may have a limited effect.
The primary objective of the present study was to determine whether or not skin Ts and skin vasodilation have a role in sleep propensity in preterm neonates. To this end, we studied spontaneously occurring and ending episodes of wakefulness (W). Sleep propensity was measured as the duration of W episodes (D W ). In line with previous studies, peripheral vasodilation was measured as the difference between the abdominal Ts (T abdo , which is usually assumed to reflect the CBT) and distal skin Ts (usually foot Ts) (Jahnukainen et al., 1993) . In contrast to most studies of skin Ts (in which the use of skin surface probes may modify local vasomotricity and skin water loss), we used infrared thermometry for the continuous, non-contact recording of several regional skin Ts.
MATERI AL AND METHODS
Twenty-nine preterm, single-pregnancy neonates [female : male (F/M) ratio: 15 : 14; mean AE SD postmenstrual age: 209 AE 9 days; mean birth weight: 1348 AE 348 g, mean birth length: 38.0 AE 2.9 cm, mean head circumference at birth: 27.2 AE 2.0 cm) were included after their parents had given written informed consent. The study protocol had been approved by the local investigational review board (CPP Nord Ouest II; reference: RCB/2010-A00337-32). The two main inclusion criteria were a postmenstrual age between 25 and 32 weeks and the absence of congenital malformations or heart disease. The median 10-min APGAR score was 10 (range: 6-10). The experiment was performed on night 9 of life (N9). At the time of the experiment, 20 neonates were being treated with caffeine citrate and seven were receiving oxygen therapy. The neonates were nursed naked (with a diaper) in the supine position and at thermoneutrality (32.7 AE 1.4°C; relative humidity: 65%) in a closed incubator (Satis+ â ;
M edipr ema, Tauxigny, France). The room air T was 25°C and the room air's relative humidity was 50-60%. Care procedures were not modified during the experiment. During N9, 12-h polysomnography [20:00-08:00 h; two electroencephalograms, two electro-oculograms, one electromyogram of the chin, two actimeters (right wrist and left ankle)] was performed (Alice 4 polysomnograph; Respironics, Nantes, France Curzi-Dascalova and Mirmiran (1996) . W episodes had to occur and end spontaneously and to last for more than 2 min and be followed by active sleep. W episodes with nursing interventions observed on video were excluded from our analysis. The first and last wakefulness episodes were also discarded.
Skin T was measured semiautomatically offline 3 min before and 3 min after each sleep stage change, and every 5 min during the W episode at six different body sites: the abdomen (T abdo ), the right pectoral region (T pectoral ), the external aspect of the middle of the left thigh (T thigh ), the eye region (T eye ), the dorsum of the hand (T hand ) and the dorsum of the foot (T foot ). Infrared technology enables the accurate measurement of skin T without disturbing sleep (Van Den Heuvel et al., 1998) .
In view of the absence of vasomotricity in the abdominal region in neonates, T abdo is correlated strongly with the CBT (Van Der Spek et al., 2009) . Measurement of T abdo is also easier to record and safer than measurements of oesophageal or rectal Ts (i.e. with no risk of rectal perforation). The T abdo ÀT foot difference [a good indicator of skin vasomotor activity, according to Lyon et al. (1997) and the other local-toproximal temperature differences (LPTDs: T abdo ÀT local ] were also calculated.
Regional heterogeneity in skin Ts was calculated as the standard deviation (SD) of the six skin T values [yielding the overall standard deviation (SD), the proximal T (in the abdominal and pectoral regions) and the distal T (the hand, foot and thigh)]. The heterogeneity of the LPTDs (T abdo ÀT local ) was also calculated.
The skin T values, the LPTDs and the latter's heterogeneity were measured at the start and end of each W episode, and were also averaged over the episode as a whole.
Statistical analyses
A preliminary multiple regression analysis (using XLstat, version 2015.5.01; Addinsoft, Paris, France) of D W (as the dependent variable), the neonate's clinical parameters (postmenstrual age, weight, height, as independent variables X1-X3) and the T skin or LPTD (as independent variable X4) showed that these parameters were not correlated significantly with D W . Accordingly, these variables were not taken into account in subsequent analyses.
Mixed models were calculated for D W (as the dependent variable) and T values (or LPTDs or a heterogeneity parameter) measured at the start and end of a W episode or averaged over the whole episode (as independent variables).
Values are quoted as the mean AE SD. The threshold for statistical significance was set to P < 0.05.
RESUL TS Sleep results
The neonates slept for 575 AE 80 min of the 672 AE 82 min of recording (Table 1) . A total of 115 W episodes (mean (range) duration: 15 AE 9 min (2-95)) met the abovementioned criteria and were analysed. Table 2 shows the Ts and the LPTDs measured at the start, during and end of the W episode. The air T inside the incubator (T air ) and the local skin Ts did not change significantly between the start and end of the W episode. An example of individual local skin temperature during a wakefulness episode is given in Fig. 1 .
Skin Ts and LPTDs measured during the W episodes

Regression analysis of the relationship between the Ts and the duration of the W episode
In a regression analysis, the relationship between the duration of the W episode and the magnitude of incubator air T was never significant (Table 3) .
The duration of the W episodes did not depend significantly upon the Ts or the LPTDs (versus T abdo ) measured at the start of the W episode. In contrast, the relationship was statistically significant when considering the Ts (or LPTDs) recorded at the end of the W episode (for an example with T foot , see Fig. 2 ): the shorter the W episode, the higher the pectoral, hand, foot or thigh skin Ts at the end of the episode. As a result, shorter W episodes were associated with reduced values of LPTDs (local Ts being close to T abdol ) for the hand, foot and thigh Ts (but not the pectoral T). These relationships were not significant for eye and abdominal Ts.
When considering the mean Ts during the W episode, only some relationships were statistically significant.
Mixed models revealed that the duration of the W episode was related significantly to the heterogeneity of the skin Ts measured at the end of the W episode but not those measured at the start of the episode. Moreover, this relationship was significant only when calculated for all six skin Ts (F 1,85 = 16.97, P < 0.001, i.e. a positive relationship: the more homogeneous the local skin Ts, the shorter the W episode) or for differences versus T abdo (F 1,85 = 10.64, P = 0.002, i.e. a positive relationship) and not for the proximal or distal Ts alone.
DISCUSSION
Although several studies have analysed the sleep-thermoregulation interaction in neonates (Bach et al., 1994 (Bach et al., , 2000 (Bach et al., , 2002 and the body T rhythms during sleep (Lodemore et al., 1991) , our study is, to the best of our knowledge, the Our results demonstrate that shorter W episodes were associated with higher distal skin Ts (thigh, hand and foot) and pectoral Ts at the end of and during the episode (i.e. Ts that are closer to T abdo ). Interestingly, this was not the case when considering the same Ts at the start of the W episode. These rises in skin Ts values during the course of the W episode (with T abdo remaining constant) are suggestive of gradual vasodilation in the distal and pectoral regions. In contrast, abdominal and eye Ts did not rise during the course of the W episode.
We therefore conclude that distal skin Ts have a key role in sleep initiation in 9-day-old, very preterm neonates as well as in adults. In fact, our results correspond well to those reported in adults, despite the many differences in the sleep-wake cycle, the definition and duration of the wakefulness episodes, the lack of some biological rhythms and behavioural and/or environmental influences in neonates.
We also observed a significant relationship between local skin T heterogeneity and the duration of the W episode: the more homogeneous the skin Ts measured over the six body sites, the shorter the W episode. However, we cannot rule out completely an effect of activity during wakefulness (i.e. the longer the W, the greater the motor activity of the legs and thus the higher the body T). Our present results are the first to indicate that regional skin T homogeneity may promote sleep onset. Interestingly, it has been reported that the achievement of a 'gate' local skin T is necessary for sleep maintenance in animals (Parmeggiani et al., 1975) but not in older neonates (Bach et al., 2001) .
In adults, it has been proved that subtle manipulations of skin Ts can promote sleep or vigilance (Fronczek et al., 2008) . The general consensus is that body distal Ts in particular modulate sleep onset and maintenance (for a review see Van Den Heuvel et al., 1998) . It was first hypothesized (and then demonstrated in adults) that any type of behaviour that helps distal vasodilation (lying down, relaxation, turning the lights out, using a hot water bottle, etc.) is associated with greater sleep propensity. Promoting sleep onset in preterm neonates would be of particular importance, given the strong relationship between sleep duration and quality, on one hand, and central nervous system development and/or recovery from illness on the other hand. Although our study was not designed to prove the causal nature of an association between distal skin Ts and sleep propensity in Table 3 Mixed models (F and probability values, slope) of the relationship between the duration of the wakefulness (W) episode (in min, the dependent variable) and local skin temperatures (Ts) or the corresponding local-to-proximal temperature difference (LPTDs) measured at the start, during and end of the W episode (the independent variables) neonates, this type of relationship might prompt changes in clinical practice in neonatal medicine and thus lead to improvements in neonates' sleep. However, care must be taken to limit the amplitude of these changes. In order to avoid a thermoregulatory response and sleep disturbance, body Ts should be manipulated very subtly and must remain within the thermoneutral range (for a review see Bach et al., 2002) . Another practical issue relates to thermal management in incubators. In fact, air T heterogeneity, air turbulence and changes over time in the air T are observed in a closed incubator or above the neonate in a radiant incubator. These variations result from air vortexes, the opening of the canopy doors for clinical care and/or movements near an open radiant incubator. These thermal stresses should be minimized in order to limit skin T heterogeneity and thus improve thermal comfort and sleep. Moreover, interindividual variability should also be taken into account because some infants may be more sensitive than others to environmental sleep disturbances (Touchette et al., 2013) . In the present study, the preterm neonates were being cared for in an almost constant environment (i.e. a small night versus day difference in light and noise levels, a constant air incubator T, isocaloric meals with the same macronutrient content given at regular intervals, the absence of postural changes, limited motor activity, etc.). This is of particular importance, as all these parameters are known to have a strong influence on sleep propensity by inducing haemodynamic variations (Kleitman, 1963 ; for a review see Kr€ auchi et al., 2004) . Studying nocturnal sleep is of interest because its duration is relatively constant during early childhood. Further, nocturnal sleep is less disturbed by nursing care and thus corresponds to a more stable period.
Given that the adult definitions of sleepiness per se and sleep onset latency cannot be applied to neonates, we measured sleep propensity as the duration of spontaneous W episodes, i.e. the speed of falling asleep.
Both proximal and distal body regions were considered because of their differing roles in vasomotricity and thermoregulation. Proximal skin regions are assumed to have a minor role in thermoregulation because arteriovenous anastomoses (involved in rapid heat exchanges) are not present in the skin of the abdomen or thorax (Bergersen, 1993) . This explains why the abdominal T is considered to be a good indicator of the CBT (which would be difficult to measure around the clock) in neonates.
In contrast, distal skin regions (the hands and feet) have a high density of arteriovenous anastomoses and are the major sites of vasomotor heat loss (Aschoff, 1958 , cited by Kr€ auchi et al., 2000 . Lyon et al. (1997) have suggested that, during development, the feet constitute the first body site to display vasoconstriction in term neonates exposed to a cool environment. The hands and feet are also exposed to large, rapid heat losses because of their small size and strong curvature; hence, they may have a major role in the fall in CBT observed before sleep onset.
Skin blood flow (and therefore vasomotor skin heat losses) can be measured indirectly via the difference between distal skin Ts (reflecting blood flow in arteriovenous anastomoses) and the proximal body temperature (reflecting capillary blood flow and considered to be an internal standard that is not affected by the air T's impact on skin blood flow (Rubinstein and Sessler, 1990 ). An analysis of the foot versus abdominal skin T difference has shown that several-day-old preterm neonates display a vasomotor response when exposed to non-thermoneutral conditions (Jahnukainen et al., 1993; Lyon et al., 1997) .
CONC LUSION
Our results show for the first time that distal skin Ts (an index of distal vasodilation and heat loss) may have a key role in facilitating sleep onset (as evidenced by shorter W episodes) ª 2017 European Sleep Research Society in 9-day-old, very preterm neonates. This condition also ensures regional thermal homogeneity (i.e. when local distal Ts are closer to the abdominal T). By analogy with findings in adults, one can hypothesize that the duration of a W episode is a valid marker of sleep propensity in neonates, even though homeostatic sleep pressure (which may only emerge later in life) cannot be defined as simply as it is in adults.
